This study examined both the identification and discrimination of vowels by three listener groups: elderly hearing-impaired, elderly normal-hearing, and young normal-hearing. Each hearing-impaired listener had a longstanding symmetrical, sloping, mild-to-moderate sensorineural hearing loss. Two signal levels ͓70 and 95 dB sound-pressure level ͑SPL͔͒ were selected to assess the effects of audibility on both tasks. The stimuli were four vowels, /(,e,},,/, synthesized for a female talker. Difference limens ͑DLs͒ were estimated for both F1 and F2 formants using adaptive tracking. Discrimination DLs for F1 formants were the same across groups and levels. Discrimination DLs for F2 showed that the best formant resolution was for the young normal-hearing group, the poorest was for the elderly normal-hearing group, and resolution for the elderly hearing-impaired group fell in between the other two at both signal levels. Only the elderly hearing-impaired group had DLs that were significantly poorer than those of the young listeners at the lower, 70 dB, level. In the identification task at both levels, young normal-hearing listeners demonstrated near-perfect performance (M ϭ95%), while both elderly groups were similar to one another and demonstrated lower performance (M ϭ71%). The results were examined using correlational analysis of the performance of the hearing-impaired subjects relative to that of the normal-hearing groups. The results suggest that both age and hearing impairment contribute to decreased vowel perception performance in elderly hearing-impaired persons.
INTRODUCTION
Very few studies have examined both identification and discrimination of speech by hearing-impaired listeners, with even fewer focusing exclusively on vowel perception ͑Na-belek et al., 1992; Van Tasell et al., 1987; Turner and Henn, 1989; Leek et al., 1987; Summers and Leek, 1992͒ . Moreover, elderly hearing-impaired subjects have seldom been the focus of vowel-perception studies. Given the primary importance of audiometric threshold elevation for other speech recognition tasks among this group ͑Humes, 1996͒, the present study examines vowel perception in elderly hearing-impaired listeners as compared to both elderly and young normalhearing listeners. The purpose of this project was to extend ongoing work examining basic speech-perception capabilities and to investigate the impact of hearing impairment and age on a listener's ability to identify and discriminate vowels.
Since vowels have relatively higher amplitude and longer duration than consonants, they are believed to be more salient for persons with hearing impairment. Reports such as Pickett ͑1970͒ represent the common view that vowel-recognition performance is ''grossly abnormal'' only for a person with a profound hearing loss. Recent research, however, by Nabelek et al. ͑1992͒ has reported a range of vowel-identification performance of 68% to 93% for subjects with only a modest hearing impairment, such as a mild-tomoderate sloping sensorineural hearing loss.
In the case of the young normal-hearing listener, natural vowels at audible levels are not usually confused with one another because the peripheral auditory system preserves the spectro-temporal differences between different vowels ͑Turner and Henn, 1989͒. Peterson and Barney ͑1952͒ reported that natural vowels spoken by men, women, and children are highly identifiable with an average score of 94%. In replications of that study, Hillenbrand et al. ͑1995͒ obtained an overall identification score of 95% for natural vowels, but for steady-state, synthetic vowels, a lower overall score of 73% was observed ͑Hillenbrand and Gayvert, 1993͒. However, higher identification scores ͑83%͒ have been observed for synthetic vowels modeled after one female talker ͑Kewley-Port, 1991͒. In general, natural vowels in isolation are identified correctly 85%-90% by young normal-hearing listeners ͑Jenkins et al., 1994͒.
Vowel-formant discrimination in young normal-hearing listeners has also been studied and related to frequency discrimination of simpler sounds. Discrimination ability for the normal-hearing listener at a comfortable presentation level ͑60-70 dB SPL͒ for a 1000-Hz pure tone 200 ms in duration, for example, is approximately 2 Hz or a Weber fraction (⌬F/F) of 0.002 or 0.2% ͑Moore, 1973͒, with a logarithmic increase in discrimination threshold as frequency increases logarithmically. Vowels are complex stimuli where threshold ⌬Fs for a change in formant frequency results in spectral differences in the intensity of the harmonics. Kewley-Port and Watson ͑1994͒, for instance, used psychophysical procedures incorporating minimal-uncertainty training in a vowel-formant discrimination task. Threshold ⌬Fs were reported as approximately 14 Hz in the F1 region ͑Ͻ800 Hz͒ with thresholds increasing linearly in the F2 region as a function of frequency. These results suggested a Weber fraction of 1.5% that was better than previously reported thresholds of 3%-7% for vowel formants by Flanagan ͑1955͒ and Mermelstein ͑1978͒. Those investigators used less than optimal experimental procedures; namely, higher stimulus uncertainty and little subject training. The thresholds reported by Kewley-Port and Watson ͑1994͒ likely represent the optimal discrimination abilities of normal-hearing listeners at the limits of performance.
Most of the literature on identification and discrimination of speech by hearing-impaired listeners focuses on young hearing-impaired listeners. Hearing impairment, however, is of significant concern to the elderly. Elderly persons consider disabilities involving communication to be among the most severe ͑Jacobs-Condit, 1984͒. Despite its importance, the role of peripheral hearing loss on the speech communication process in the elderly has not always received careful attention. However, Humes and colleagues performed a series of experiments examining several proposed hypotheses thought to account for the decreased speech understanding abilities in the elderly hearing-impaired population. The series began by examining peripheral hearing loss ͑i.e., audibility or decreased spectral resolution͒ and found that indeed peripheral hearing loss, as opposed to central auditory processing or cognitive factors, accounted for approximately 80% of the variance in speech identification performance ͑Humes and Roberts, 1990; Humes and Christopherson, 1991͒ . That is, the subjects with the poorest pure-tone thresholds consistently demonstrated the poorest speech recognition ability. To account for the remaining 20% of the variance, Humes and Christopherson ͑1991͒ examined four groups of subjects on a range of speech perception tasks. The groups were divided into ''young-old'' ͑age 65-75 years͒ hearing impaired, ''old-old'' ͑age 76-86 years͒ hearing impaired, young normal-hearing, and young simulated hearingloss listeners. The results showed that the young-old hearing-impaired listeners performed less well than the young normal-hearing listeners, but not significantly different than the young simulated hearing-loss listeners. The oldold listeners performed significantly worse than all other groups. These results suggest that audibility is the primary factor in the decreased performance of the young-old group, which was consistent with the previous findings in the series ͑Humes and Roberts, 1990͒. Additional decreases in performance of the old-old group appeared to be related to factors other than audibility. In any hearing loss, central auditory processing problems and cognitive factors may be present in addition to the peripheral loss, and each factor's role in speech understanding may be difficult to determine. However, it appears that hearing sensitivity is the factor most highly correlated with speech understanding ability among the elderly.
Recent work by Gordon-Salant and Fitzgibbons ͑1995͒, however, demonstrated age-related decreases in speechrecognition performance in conditions of acoustic degradation, such as background noise or reverberation. These results applied to elderly normal-hearing listeners, as well as to those with a mild-to-moderate sensorineural hearing loss. They found age-related degradation in performance to be most notable in conditions of time compression when compared to young listeners. Fox et al. ͑1992͒ also reported a difference in performance between young and elderly listeners on a silent-center monosyllabic word identification task. The elderly listeners' performance suggested a decreased ability to use dynamic acoustic information. The authors hypothesized that the difference in performance could possibly be greater with isolated vowels as stimuli, although this has yet to be examined.
Although the hearing-impaired listener demonstrates reduced spectral resolution ͑Nabelek, 1992; Van Tasell et al., 1987; Turner and Henn, 1989; Leek et al., 1987͒ , it appears that the mild-to-moderately hearing-impaired listener's identification and discrimination abilities may be reduced but adequate, in some cases. Nabelek ͑1992͒ reported similar vowel-identification errors among hearing-impaired subjects and normal-hearing listeners in a degraded listening condition, such as reverberation or noise. Van Tasell et al. ͑1987͒ found that vowel-masking patterns of the hearing-impaired subjects were compressed when compared to the patterns of the normal-hearing subjects, and that the peaks were less resolved and spectral details were not preserved. Despite the obvious alteration of the incoming speech signal, one of Van Tasell's three hearing-impaired subjects recognized the majority of the seven synthetic vowel stimuli well ͑93%͒, while the other two performed near 70% accuracy. Turner and Henn ͑1989͒ found that speech-masking patterns indicated that subjects with sensorineural hearing loss do not preserve the spectral features of a speech sound as well as normalhearing subjects. Leek et al. ͑1987͒ created a complex vowel-like sound with four amplitude peaks between 0.1 and 4.0 kHz. They measured identification ability in noise as a function of peak-to-trough differences in the spectrum of those complex stimuli. They reported that normal-hearing listeners could identify greater than 75% of the vowels with less than a 2-dB peak-to-trough difference, while the hearing-impaired listeners required approximately a 6-7-dB difference to achieve the same score. Although different peak-to-trough thresholds were obtained between groups, hearing-impaired subjects were able to score greater than 90% correct when the peak-to-trough difference was large ͑14 dB͒ and held constant. Leek et al. ͑1987͒ also reported that, for some natural vowels, peak-to-trough differences may be as high as 25-30 dB, and that may be an explanation as to why listeners with poor spectral resolution demonstrate reasonably accurate identification ability for some natural vowels. The question remains whether there is a relationship between listeners' identification performance and their ability to discriminate underlying spectral differences, especially when a peripheral hearing loss is present.
The purpose of the present study was to examine the effects of hearing loss and age on a listener's ability to discriminate and identify vowels. More specifically, this study examined the extent to which identification performance can be predicted by discrimination performance and whether correlations between discrimination and identification performance and hearing loss or age exist.
I. METHOD

A. Subjects
Three subject groups, consisting of young normalhearing (Nϭ4), elderly normal-hearing (Nϭ4), and elderly hearing-impaired (Nϭ4), served as listeners for this study. Young normal-hearing subjects ͑YNH͒ ranged in age from 23 to 24 years (M ϭ23.5 y), elderly normal-hearing ͑ENH͒ from 71 to 77 years (M ϭ73.75 y), and elderly hearingimpaired ͑EHI͒ from 69 to 74 years (M ϭ71.5 y). All normal-hearing subjects (Nϭ8) had pure-tone thresholds of 20 dB HL or less at octave intervals from 250-4000 Hz, and no evidence of middle-ear pathology at the time of testing. Subjects in the YNH group were graduate students in the Department of Speech and Hearing Sciences at Indiana University, while the ENH and EHI subjects were recruited from a subject pool maintained by the Department of Speech and Hearing Sciences and were residents of Bloomington, Indiana. All subjects were paid for their participation.
Each hearing-impaired subject (Nϭ4) had a longstanding, bilaterally symmetrical, moderate, sloping sensorineural hearing loss, believed to be of cochlear origin based on acoustic reflex testing, case history, and symmetry of airand bone-conduction thresholds. Average air-conduction thresholds of the hearing-impaired group for 0.25, 0.5, 1, 2, and 4 kHz were 26, 30, 41, 46, and 59 dB HL ͑ANSI, 1996͒, respectively. Normal middle-ear status was determined for all subjects by tympanometric testing at the initial visit. Figure 1 shows individual pure-tone thresholds for the four hearing-impaired subjects at octave intervals from 250 through 8000 Hz. This particular configuration of hearing loss was chosen based on literature reporting it as the most obvious and well-documented peripheral deficit in the elderly ͑Corso, 1959; Spoor, 1967͒. All hearing-impaired subjects were consistent users of amplification and demonstrated intelligible speech. Both groups of elderly listeners were found to be within normal limits for their age on two cognitive tests ͑WAIS-R and WMS-R͒.
B. Stimuli
The stimuli consisted of the four monophthongal English vowels, /(,e,},,/, that had been used in earlier studies of detection thresholds ͑Kewley-Port, 1991͒ and formant discrimination ͑Kewley-Port and Watson, 1994͒. These vowels to be used in the identification and discrimination tasks were selected to maximize variability in performance as required for successful correlational analyses. A pilot study with an additional group of YNH subjects was administered to determine the identification accuracy for a larger set of ten English vowels ͑/i,(,e,},,,a,#,o,),u/͒. The pilot study revealed a large variation in performance across the four target vowels used in the present study. Investigations of speech perception by hearing-impaired listeners also indicate that the four front vowels, /(/, /e/, /}/, and /,/, are easily confused ͑Nabelek et al., 1992͒. Assmann ͑1982͒ reported that the same four vowels had a large number of errors in vowel confusion matrices, although /#/ caused the most errors. The four acoustically similar front vowels, /(,e,},,/, were selected for study.
The four target vowels were synthesized from spectrographic measurements of a female talker using the cascade branch of the KLTSYN synthesizer ͑Klatt, 1980͒. The steady-state formant values are shown in Table I . Fundamental frequency linearly fell from 220-180 Hz over the entire duration of the vowel. Vowel duration was set to 175 ms, the average of the talker's long and short vowels. The overall amplitude contour had a shallow rise/fall shape for naturalness. Bandwidths for the formants were constant across vowels at BW1ϭ70, BW2ϭ90, and BW3ϭ170 Hz. The four vowels synthesized with these parameters are referred to as the standard vowels. RMS energy for standard vowels was measured at the maximum amplitude portion of the vowel ͑between 21-50 ms after onset͒ and a range of 9 dB was found for the four vowels. Previous research ͑Kewley-Port and Watson, 1994͒ has demonstrated that this range is typical for a constant gain in the glottal source that excites a full range of formant values. However, since hearing-impaired subjects were being used, it was important to assure that the digital amplitude of the synthetic vowels was reasonably well equated to eliminate possible effects of intensity differences on the final results. Therefore, a median rms value was chosen and all vowels were adjusted to be within Ϯ1 dB of this value. As a result, the vowel /,/ was resynthesized with an adjusted glottal output. The standard vowels were used in both the identification and discrimination task. The test vowels to be discriminated from the standard vowels were synthesized in sets of 14 stimuli. Each set included test vowels for one of two conditions, namely an increment in F1 or F2 formant frequency for a total of eight separate sets of test stimuli. For each stimulus set, 14 step sizes in formant frequency were calculated using a log ratio such that steps 10-14 would be easily discriminable from the standard ͑Table I͒. Although steps 10-14 would be easily discriminable for the normal-hearing listeners ͑Kewley-Port and Watson, 1994͒, a second set of test stimuli were synthesized such that the largest step size was increased by 50% to allow a wider range of testing for the hearing-impaired subjects.
Two levels of signal presentation, 70 and 95 dB SPL, were chosen to assess the effect of audibility on speech perception performance for the elderly hearing-impaired subjects. A level of 95 dB SPL was chosen as a highly audible level and one that approached the upper limit of comfortable loudness for both the normal-hearing and elderly hearingimpaired listeners. Supra-threshold spectral information for the elderly hearing-impaired subjects was thought to be comparable to the normal-hearing subjects at this level. A second presentation level of 70 dB SPL was less audible for the elderly hearing-impaired, especially in the higher frequencies where the hearing loss was more significant. This level is also closer to the 77 dB SPL level used in the earlier studies with YNH by Kewley-Port and Watson ͑1994͒.
C. Overview of experimental design
The design of this experiment is mixed with a betweensubjects factor of subject group ͑EHI, ENH, and YNH͒ and within-subjects factors of vowel ͑four target vowels͒, task ͑identification and discrimination͒, and presentation level ͑70 dB and 95 dB SPL͒. The order in which each condition of the experiment was presented is shown in Table II . Subjects participated in a total of nine testing sessions, each 90 min in length. Initial training under minimal uncertainty was provided for both groups of listeners in order to obtain low and stable thresholds ͑Kewley-Port and Watson, 1994͒. Subsequently, discrimination testing of the first and second formants for four vowels was conducted under medium stimulus uncertainty ͑i.e., all four vowels and both formants mixed within a block͒. Discrimination testing required three sessions ͑4.5 h͒ at 95 dB SPL followed by two sessions ͑3 h͒ at 70 dB SPL to achieve stable thresholds. On the final day of testing, the identification task was administered at both presentation levels. The design presumed that the discrimination task would provide some training, or at least familiarity, with the vowels prior to the identification task.
D. Procedures
Two experimental tasks were selected, an identification and a discrimination task. The vowels for both tasks were output through a 16-bit D/A converter ͑Tucker-Davis Technologies DA-1͒ at a 10 000-Hz sample rate followed by a digital 4000-Hz low-pass filter with a 65-dB/octave rejection rate. The calibration /,/ vowel was set to the signal level ͑70 dB or 95 dB SPL͒ as measured in a 6-cc coupler with a Larson-Davis sound-level meter ͑model 800B͒. The vowel was calibrated via a VU meter prior to each testing session. The subjects listened to stimuli under TDH-39 headphones, coupled to the right ear of the normal-hearing subjects and to the preferred ear for the hearing impaired subjects. Subjects indicated their responses on a keyboard. The identification task was a standard forced-choice classification task. Four one-word responses containing the four test vowels were displayed on a computer screen; subjects entered the responses directly into the computer. The training portion of the identification task consisted of one block ͑20 trials͒ of ordered presentation and one block ͑20 trials͒ of random presentation of the four target vowels, both with feedback. These two blocks were repeated, totaling four blocks ͑80 trials͒ of training at a 95 dB SPL presentation level. Subjects then listened to four blocks ͑80 trials͒ of stimuli, presented without feedback, at both presentation levels. Testing alternated in levels between 70 and 95 dB SPL on successive blocks.
Test procedures for the discrimination portion of this study followed those of Kewley-Port and Watson ͑1994͒, which involved psychophysical procedures designed to obtain optimal discrimination performance. An adaptivetracking task was used to obtain the thresholds at 71% correct following Levitt ͑1971͒. In each trial, stimuli were presented in a modified, two-alternative, forced-choice task with feedback with a 400-ms interstimulus interval. The standard was presented in the first interval, and subjects pressed a key to indicate which of the next two intervals contained the ''different'' ͑test͒ stimulus.
Each formant condition was individually tested in 80-trial blocks. Kewley-Port and Watson ͑1994͒ found no difference in thresholds for incremental or decremental discrimination changes. As a result, all different ͑test͒ stimuli in this study consisted of an increment in formant frequency only. The F1 for /(/ was chosen as the training vowel for the discrimination task because the F1 formant shift is in the lower frequency regions and would presumably be easier to discriminate for our subjects with high-frequency hearing loss. After substantial training ͑Ͼ20 blocks͒ with the /(/ vowel ͑see Table II͒ , the task then switched from minimal uncertainty to medium uncertainty, in which any of the eight formants was presented as the standard within a block. Adaptive tracks were separately maintained for each formant. For each block, a value of ⌬F representing discrimination performance was calculated as the difference in formant frequency between the standard and the test vowels using the average of the formant frequencies of the reversals over the ten trials in a testing block. Discrimination results are referred to as difference limens ͑DLs͒. A formant-frequency DL for each subject was averaged from the ⌬F values from the last four blocks, unless an outlier score appeared in the last four blocks, in which case the block immediately preceding the final four was substituted. Based on previous discrimination testing under medium uncertainty ͑Kewley-Port, 1992͒, it was estimated that reasonably stable DLs could be achieved with four-and-one-half h ͑Ͼ2000 trials͒ of testing. Subjects first participated in testing for the four-and-one-half hours at 95 dB, followed by three h of testing with the same stimuli at 70 dB SPL.
II. RESULTS
A. Discrimination task
Minimal uncertainty training using /(/ F1 ͑21 blocks consisting of 1680 trials͒ for all three subject groups suggested listeners were near asymptotic performance. In particular, ⌬F decreased until a plateau was observed over at least four blocks. The average ⌬F of the last four blocks of training sessions for the EHI group was 17.9 Hz. The averages of the YNH and ENH groups were 18.6 and 21.7 Hz, respectively. These results demonstrate that consistent thresholds for this low-frequency formant were obtained across groups after training.
Estimates of the DLs as ⌬F averaged separately across each subject group are displayed in Fig. 2 as a function of formant frequency. DLs for the 95 dB SPL level are shown in Fig. 2͑a͒ and for the 70 dB SPL level in Fig. 2͑b͒ . Data from the medium-uncertainty discrimination task ͑Table III͒ indicate large differences in DLs across presentation level in the F2 region, in contrast to small differences in the F1 region. Specifically, performance in the F1 region was similar for all groups in all conditions. In the F2 region ͑Ͼ1800 Hz͒, on the other hand, the hearing-impaired subjects' DLs were elevated by a factor of three, as compared to those for YNH subjects, and by a factor of about 1.5 times higher than those for ENH subjects in the 95-dB condition ͓Fig. 2͑a͔͒. A somewhat similar pattern of results was observed at the lower presentation level ͓Fig. 2͑b͔͒. High variability in the F2 region was noted for the elderly-listener groups ͑Table III͒. Three-way analysis of variance performed on the DLs revealed significant main effects for group, level, and formant frequency across F1 and F2 ͓group: F(2,9)ϭ8. 91, p Ͻ0.01; level: F(1,9)ϭ12.83, pϽ0.01; formant: F(7,63) ϭ46.59, pϽ0.001͔. The group by formant interaction was 
B. Identification task
Identification performance during training to learn the key-word responses for the four target vowels was monitored. Results of the training blocks showed that the subjects' performance systematically improved by the end of the training session. An accuracy level of 80% correct was achieved by all listeners after training except subject MD of the ENH group, whose maximum score equaled 40%, and subject TM of the EHI group, whose high score reached 60% correct.
Group comparisons
Overall identification scores for the three groups were 97%, 80%, and 64% at the 95-dB presentation level and 95%, 69%, and 72% at the 70-dB level for the YNH, EHI, and ENH groups, respectively. Identification scores are shown for each vowel and level in Fig. 3͑a͒ and ͑b͒ and Table IV . In general, vowels /e/ and /}/ were more easily confused for subjects in identification, while the vowel /,/ showed small differences between groups. Three-way analysis of variance for the arcsine transformed identification scores revealed a significant difference for vowel and group, but not level ͓vowel: F(3,24)ϭ13. 03, pϽ0.001; group: F(2,8)ϭ4.48, pϽ0.05͔ . No significant interactions between the independent variables were present. Scheffe post-hoc analysis of group differences suggested there were no strong pair-wise differences between groups because of the high variability in the elderly groups.
Variability within groups
Identification scores for YNH subjects, for vowels or levels ͑Table IV͒, were near ceiling performance and therefore had low variability. Therefore, identification performance for the YNH group can be represented by a single grand-mean value of 97% averaged over subjects, levels, and vowels. The overall performance ͑97% correct͒ on these synthetic steady-state vowels was somewhat higher than expected. Hillenbrand and Gayvert ͑1993͒ and Kewley-Port ͑1991͒, for example, reported overall performance levels for ten-vowel sets of 73.8% and 83%, respectively. This high level of performance can likely be attributed to the small four-vowel set and training procedures. In contrast, one of the most notable results was the high variability in performance for both elderly groups. For the EHI group, the best subject's score equaled 93.1%-correct vowel identification FIG. 3 . Average identification scores for all three groups' presentation level. ͑a͒ Displays data at at 95 dB SPL, and ͑b͒ at 70 dB SPL. and the worst subject scored 51.75%. A similar range was found in the ENH group, as the best subject scored 84.4% while the worst subject scored 50.6%.
III. DISCUSSION
A. Discrimination results
The discrimination results for the YNH group were similar to those of Kewley-Port and Watson ͑1994͒. They reported a pattern for formant discrimination thresholds for normal-hearing subjects that was constant across frequency in the F1 range, with thresholds progressively increasing as a function of frequency in the F2 region. The average DL in the F1 region for the YNH group ͑as well as the ENH and EHI groups͒ in this study was approximately 30 Hz. This value is elevated compared to the discrimination thresholds of 14 Hz found in Kewley-Port and Watson, apparently due to the difference in stimulus uncertainty ͑medium versus minimal͒.
Vowels at the 95 dB SPL presentation level should have been audible for all groups, and therefore, no difference was expected between groups in discrimination ability. Both the normal-hearing groups showed no difference in discrimination performance on the basis of the presentation level for either 70 or 95 dB ͑Table III͒. The discrimination results at 70 dB should have demonstrated the poorest performance in the F2 region for hearing-impaired listeners. As expected, discrimination performance of the EHI group was elevated, but only for F2 frequencies greater than 1800 Hz, suggesting that high-frequency hearing loss affected discrimination performance. However, significantly poorer performance for F2 formants at the 95-dB level was also noted. A possible reason for the poorer performance at both levels could be audibility, on the assumption that F2 spectral information was still not sufficiently above hearing threshold in the higherfrequency region, even at 95 dB SPL. Alternatively, the poorer F2-discrimination performance could be related to factors other than audibility that affect a hearing-impaired listener's ability to discriminate spectral changes, such as the broader auditory filters for vowels reported by Turner and Henn ͑1989͒ and Van Tasell et al. ͑1987͒ .
A somewhat surprising result, however, was the similar performance in the F1 region by all groups in all conditions. Based on this result, it is reasonable to assume that the lowfrequency hearing deficit was mild enough that the majority of the speech spectrum was audible in that region, resulting in near-normal performance for the F1 DLs at both levels. While the contributions of low F1 frequencies versus F2 frequencies to vowel identification are not known, the implication is that the correct recognition of vowels might be improved if the hearing-impaired listeners focused more attention on the F1 region with near-normal resolution than on the impaired F2 region. This strategy holds even more potential for improvement as listening levels approach those of normal conversation and F2 formants become inaudible. Training techniques, such as those used by Christensen and Humes ͑1996͒, to draw attention to different acoustic dimensions, may be worth pursuing for F1 versus F2 listening strategies. We should not overlook, however, that for the crowded English vowel space, differences in formant frequencies for F1 may be very close to the DL, as it is for the 50-Hz difference for /e/-/}/, which approaches the average 40.9-Hz F1 DL for elderly listeners.
As shown in the statistical analysis, subject age ͑ENH vs YNH͒ did not have a significant effect on performance for the discrimination task. F2 DL group means for the ENH group, although higher than those from the YNH group, did not differ significantly ͑see Table III for discriminationgroup means and standard deviations͒. However, wide variation in individual performance for some F2 DLs was observed for the elderly normal-hearing listeners.
B. Identification results
Unlike the discrimination results, age-related decreases in performance appeared in the identification results. The ENH group performed significantly worse than the YNH group on vowel identification. The difference in performance between the two tasks may be due to increased cognitive requirements to identify vowels in a four-alternative, forcedchoice task compared to those needed to discriminate auditory stimuli in a minimal stimulus uncertainty task. Identification requires perceiving the stimulus, matching it to a stored, central representation, and then attaching a label. In discrimination, on the other hand, perceptual comparisons can be made in short-term memory without labeling. Several studies have shown age-related identification performance differences for degraded listening situations ͑Nabelek, 1988; Fox et al., 1992͒ . Our isolated synthetic vowel stimuli represent a type of degraded speech signal, since they have no formant movement and lack other characteristics of natural speech. While no difference in identification performance between the two elderly groups was noted, both elderly groups performed significantly worse than the YNH group. The vowel /,/ was consistently identified accurately by all groups, while /e/ and /}/ presented the greatest difficulty for elderly listeners. The vowels /(/ and /}/ are short, lax vowels in English, and the fixed duration for all vowels may have interfered with correct identification. Probably, the unnatural steady-state, fixed-duration formants, in the otherwise diphthongized /e/ vowel, were responsible for reduced identification.
As noted by several other researchers, accurate identification of English vowels is dependent on combined information from three acoustic properties: spectral cues for the vowel target, vowel duration, and formant dynamics ͑An-druski and Nearey, 1992; Jenkins et al., 1994; Hillenbrand et al., 1995͒ . In this experiment, the four synthetic vowels had reduced acoustic cues related primarily to the spectral targets of F1 and F2. Many studies with younger normalhearing listeners have found that after minimal training, synthetic steady-state vowels can be identified at better than 80% accuracy ͑Assmann et al., 1982; Kewley-Port, 1991͒ . In the present study, the YNH listeners identified the fourvowel set with 95% accuracy. However, our two groups of elderly listeners had the same amount of training and obtained an average of 71% correct for the same four-vowel set. It is our hypothesis that younger listeners are able to adjust criteria used to categorize vowels when presented with reduced acoustic information more quickly, and with less training, than elderly listeners. If this hypothesis is true, it has numerous implications for explaining difficulties encountered by elderly persons in deriving benefit from hearing aids, as well as exploring methods of aural rehabilitation to improve hearing-aid benefit.
C. Relation of identification performance to discrimination performance
Correlational analyses were undertaken to examine the hypothesis that as a listener's ability to discriminate the underlying spectral differences between vowels is degraded, identification accuracy should also decrease. Baseline data for the hearing-impaired group were compared to each of the normal-hearing groups ͑YNH and ENH͒ to facilitate examination of this relationship ͑essentially, discrimination ''loss'' was correlated with identification ''loss''͒. YNH listeners were used as the standard of performance as representative of the most typical population of listeners. The ENH were chosen to compare with the EHI group in order to control for some factors related to age that might affect performance on the listening tasks, in addition to those associated with hearing impairment.
Since the focus of analysis was the loss or difference in abilities as a result of hearing impairment, the data evaluated in the correlations were difference scores. For discrimination, a difference in ⌬F between EHI and the corresponding normal-hearing group was calculated, called ⌬T. Because there was a significant difference for both normal-hearing groups across formant and level for discrimination, ⌬T was calculated from ⌬F for each formant and level by subtracting individually from the normal-hearing group ⌬F the corresponding ⌬F for each EHI subject. For identification, different procedures were followed. Based on the analysis of variance results, identification performance for the YNH group was represented by a single mean value of the four vowels (M ϭ97%). However, since formant frequency was a significant factor for the vowel identification in the ENH group, identification values for the ENH group were calculated separately for each formant and averaged across level. A ''percent-difference identification'' score, ⌬ P, was obtained by subtracting the normal-hearing mean scores from the individual EHI subject scores. Thus two sets of ⌬T and ⌬ P difference scores were calculated, one each for either the YNH or the ENH group as the reference standard.
The goal of these correlational analyses was to see if identification could be predicted from discrimination for the EHI listeners. This is only meaningful where a difference in discrimination exists between the two presentation levels indicating a possible effect of hearing impairment. Little difference in performance across groups was observed for all F1 DLs and for /,/ F2 at the two presentation levels ͑Table III͒. As a result, correlational analyses for the EHI listeners were conducted with only the three F2 formants ͑/(,e,}/͒ that demonstrated a difference across groups. Correlations of differences in discrimination performance (⌬T) with differences in identification performance (⌬ P), for each subject and presentation level, were significant for the young normal-hearing as standard ͑Fig. 4, rϭϪ0.55, pϭ0.005͒ and the elderly normal-hearing as standard ͑Fig. 5, rϭϪ0.46, pϽ0.025͒. Significant negative correlations are interpreted to mean that, as discrimination of formant frequency degrades with hearing impairment, these increased DLs predict a corresponding decrease in the ability to identify vowel quality.
The similarity of the significant correlation coefficients for both groups of normal listeners, young (rϭϪ0.55) and elderly (rϭϪ0.46), was not anticipated. The YNH group provides a baseline measure that represents excellent performance relative to the variables of age, hearing status, and testing competence, since these listeners were young, normal-hearing graduate students in speech and hearing sciences. It was expected that differences between them and the EHI group, therefore, would be sufficiently large to reveal a significant correlation. For the ENH, however, the two factors of age and testing competence were presumably similar to those of the EHI group, thereby reducing potential differences between the groups. Not only did this turn out to be true, but in the case of the identification task, the performance difference between elderly groups was neutralized, FIG. 4 . Group correlation between the differences in DLs (⌬T) and percent identification (⌬ P) for F2. DL differences were calculated by subtracting the YNH ⌬F value for each F2 formant and level individually from each corresponding ⌬F for the EHI listeners. Percent-difference identification is calculated by subtracting the raw EHI data from the average YNH performance.
FIG. 5. Group correlation between the differences in DLs (⌬T) and percent identification (⌬ P) for F2. DL difference and percent-difference identification were calculated between the EHI group and the ENH group similar to that for Fig. 4. apparently by an age-related factor related to learning to label reduced-cue synthetic vowels. In spite of this, a significant negative correlation was obtained, one that was only slightly smaller than that for the YNH group.
This result was not an obvious outcome of these experiments for several reasons. Although other researchers have found reduced ability for hearing-impaired listeners to discriminate aspects of vowel spectra, the general conclusion of those studies is similar to that of Leek et al. ͑1987͒ , who stated that spectral contrast in vowels is sufficient to provide useful cues to vowel identity for persons with moderate hearing impairment. This implies that there would be little systematic relation between discrimination and identification. In this experiment, a significant correlation was found between the two tasks on the basis of F2 alone. As previously mentioned, EHI subjects might be expected to identify vowels reasonably well using their near-normal ability to resolve differences in F1. Since this was not the case for just the four-vowel set studied here, other investigations of the relation between discrimination and identification are needed to determine the effects of impairment for all 11 monophthongal English vowels. We note, however, that in a pilot study using a set of ten English vowels and a group of YNH, only the four vowels used in this study showed anything other than near-perfect performance. Our focus has been on the most common configuration of hearing impairment, that of moderate-sloping sensorineural loss. Because wide variation is observed for many measures of audiometric function within this group, further investigation with a larger number of subjects is needed to establish the relation of degraded formant discrimination to actual speech recognition performance. Examining the predictability of identification from F2 discrimination, we note that the variance accounted for was about 25%. In the previous discussion, several other factors that may contribute to differences in individual performance on the two tasks have been identified, such as normal DLs for F1, cognitive abilities to learn task procedures, and ability to adapt perceptual strategies for the identification of reduced-cue vowels. In addition, detailed individual differences in auditory function undoubtedly played a role, and those revealed by the audiogram are discussed in the next section. Considering these potential sources of variability, the 25% level of variance accounted for by F2 alone appears to be a good first step towards improving our understanding of vowel perception by persons with mild-to-moderate hearing impairment.
D. Relation of vowel discrimination and hearing loss
Next, the correlational analysis of peripheral hearing loss on discrimination performance was examined. Since the discrimination results contained a natural split in thresholds between high-and low-frequency formants for these four vowels, correlational analysis was conducted based on the low-frequency and high-frequency pure-tone averages of the elderly hearing-impaired subjects. A sensation level ͑SL͒ for each subject was calculated by subtracting pure-tone averages separately, either low ͑LFSLϭ0.25, 0.5 and 1 kHz͒ or high ͑HFSLϭ2 and 4 kHz͒, from the presentation level. High or low SL was paired with the corresponding discrimination differences (⌬T) for the YNH or ENH standards. Values were then averaged across F1 ͑low͒ or F2 ͑high͒ frequency regions, for a total of 16 pairs of values (4 subjectsϫ2 levelsϫ2 formants). Correlations for these 16 pairs for the YNH standard reached significance ͑Fig. 6, rϭϪ0.58, pϽ0.02͒, as well as the same comparison for the ENH standard ͑Fig. 7, rϭϪ0.71, pϽ0.005͒. Thus, degraded ability to discriminate among vowel formants is predictable, in part, on the basis of audibility. Moreover, when the agerelated factors are comparable for the two elderly groups and hearing status is presumably the primary difference between groups, 50% of the variance is accounted for by audibility. This result supports the conclusion of other studies by Humes and colleagues ͑Humes, 1996͒ that reduced audibility is a primary factor for the decreased abilities to process speech observed for elderly persons with hearing loss.
IV. SUMMARY AND CONCLUSIONS
Three groups of subjects ͑elderly normal-hearing, elderly hearing-impaired, and young normal-hearing͒ partici-FIG. 6. Group correlation between sensation level and threshold differences for both low-frequency (F1) and high-frequency (F2) regions. Threshold differences were calculated as an average of the ⌬T values for the EHI group subtracted from YNH over F1 and F2 separately. Sensation level was calculated from the pure-tone averages separately for the low-or highfrequency regions ͑see the text͒. F1's are filled circles and F2's are open circles.
FIG. 7. Group correlation between sensation level and threshold differences for both low-frequency (F1) and high-frequency (F2) regions. Threshold differences were calculated for the EHI group subtracted from the YNH group similar to that in Fig. 6 . pated in the same experimental tasks ͑identification and discrimination͒ at two signal levels ͑70 and 95 dB SPL͒ to determine the role of hearing loss and age on a listener's ability to discriminate and identify vowels. The discrimination performance of the young normal-hearing listeners was typical of previous results for these stimuli ͑Kewley-Port and Watson, 1994͒. The young normal-hearing subjects demonstrated excellent vowel-identification scores at both presentation levels, an overall average of 97% for the four target vowels. Elderly normal-hearing discrimination performance was not significantly different from that of the young normal-hearing group. However, identification performance was different. Possible explanations for the difference may be cognitive load required for each task. Although some studies reference age-related performance deficits with identification ͑Nabelek, 1988; Fox et al., 1992͒ , further examination of age and auditory task may provide more conclusive evidence.
Large differences in performance within the hearingimpaired group, despite their similar audiometric configurations, suggest the heterogeneity of the group as a whole. As a result, one is cautioned against making individual predictions based on the results of the group performance. However, given the range of normal-to-impaired performance for discrimination in the F2 region exhibited with this sample, group performance is probably representative of other groups of hearing-impaired subjects with similar losses. Elderly hearing-impaired F2 discrimination performance was significantly worse at the lower presentation level ͑70 dB͒ than at the higher level ͑95 dB͒.
The final questions addressed in this study involved the various relations among an individual's identification performance, their underlying ability to discriminate spectral changes, and their peripheral hearing loss. The wide variability of performance over vowels exhibited by subjects across levels for F2 allowed for correlational analyses. Analyses for three formants in the F2 region that showed variability for the hearing-impaired group revealed a significant correlation between difference limens for formant discrimination and the ability to correctly identify the vowel. This correlation was significant when both young normal-hearing and elderly normal-hearing subject groups were used as standards of comparison. Therefore, it is concluded that vowel identification is partially predicted by reduced ability to discriminate spectral differences in the F2 region ͑at higher frequencies͒. Also, the stimulus sensation level and subjects' discrimination performance were significantly correlated.
Overall, the results of this study suggest that while the hearing-impaired listener may attend to F1 cues when identifying a vowel, the role of the F2 cues is evident in the correlations. Based on these results, it appears that a hearingimpaired listener's ability to discriminate overall spectral changes in the high frequencies may be predictive of his or her ability to correctly identify the vowel sound. It appears that a mild-to-moderate high-frequency hearing loss for some subjects does have a significant effect on vowel identification, even in optimal listening conditions. Thus, even with normal discrimination in the F1 region and when vowels are at apparently audible levels in the F2 region, some listeners have such elevated F2 DLs that identification is impaired.
